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CHAPTER 1 
IF1R0DUCTI0N 


Derivative tech.nrq.ues are employed m many fields of 

i 

science and engineering. Under many experimental conditions 
it becomes necessary to obtain the slope, curvature or other 
higher derivatives of the plots of interest. Shis can be 
obtained by getting the plot experimentally and then numeri- 
cally calculating the derivatives from it. However, it is 
well known that numerical differentiation is prone to error, 
particularly in case of an experimental data where any error 
in experimental measurement affects the derivative calculation 
adversely. Dye to this reason, effort has been made in many 
fields of scientific measurement to arrange the experiment 
in such a way that the first and higher order derivatives 
can be directly obtained. If sufficient care is devoted bo 
the design of the experiment, it is found that accuracy of 
the experimental results becomes better as compared to the 
one that can be obtained numerically . 

As far as the field of semiconductor devices is 
concerned, firstly, Hall , using a circuit designed by 
Xiemann has successfully applied the differentiation 
technique to the current voltage characteristics of tunnel 
diodes at low temperatures. Por similar work at the Bell 
telephone Laboratories, A.G. Chynoweth and R.A. Logan felt 
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a need not only for displaying bhe first derivative as a 
function of bias volcage but also of the second derivative. 
With, such systems, structure that is invisible to bhe eye 
in the current voltage curves and only slightly apparent 
in the first denvaoive curve is dramatically displayed. 

Much information can be obtained about the phonon 
process, and hence abouu bhe band structure, m semiconductors 
by a careful analysis of sxruc ture in the current voltage 
characteristics of tunneling junctions, fhe differentiation 
technique was applied to semiconductor tunneling junctions 
of compounds m order to present more clearly the 

polaron and phonon processes occurring during tunneling at 
liquid helium temperatures. By displaying the second deriva- 
tive as a function of bias, the further increase in resolving 
power and sensitivity over the first derivative approach 
yielded more accurate data on prominent phonon effect as well 
as revealing more conclusively fine structure due to multi- 
phonon emission and Stark splitting of the energy bands 3 . 

ihe electron tunneling into superconductors provides 
a powerful method for determining the energy gap, density 

4 

of electron states, and phonon spectra of superconductors , 

l 1 here are two quantities of primary interest m such 

measurements, (i) the relative dynamic conductance, 

o « (££) /(S) , which can be obtained from measurements 

n. s 

of dV/dl, the dynamic resistance of tunnel junction, with 
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both, members m the normal state (n) and again with one or 
both members m the superconducting states (s). l‘he quantity 
o is related to the density of electron states of supercon- 
ductors (11 ) It is also of interest to measure dc/dV, since 
structure m this quantity as a function of junction bias 
voltage V reflects features of the phonon spectrum of the 
su perc on due tor . 

[Che dependence of conductance on voltage for metal - 
insulator -metal junctions is, roughly parabolic but the 
minimum conductance need not occur at V = 0 . Small devia- 
tions from this parabolic conductance behaviour are due to 
interactions of the tunneling electrons with impurities m 
xhe oxide, the oxide itself, or the surface layers of the 
metal electrooes. 'these emission processes are studied by 
even conductance and ics derivative . this derivative, au 
low voltages, is a crude measure of the phonon density m 
the normal metal electrode. It was shown "chat 3elf energy 
effects in the normal metal can bo conveniently displayed 
by calculating the odd conduc canoe. R.C. Jaklevic and 
J, Lambe 6 showed that the tunneling electrons interact with 
vibrational modes of impurity molecules trapped in the 
insulating oxide layer. IChe excitation of ouch a mode 
gives rise to an increase in conductance (dl/dV) and thus 
the frequency qf the modes can be determined from the 
derivative technique. 
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These techniques have recently been successfully 

applied to an analysis of the I-V characteristics of GaAs 

7 8 

injection lasers ’ .The fir$t derivative has been shown 
to be useful, both in homo junction and in double hetero- 
structure lasers, by measuring the parameters entering 
the I-V characteristic as well as for extracting lasing 
thershold and other features intimately related to the 
lasing process. In an ideal laser, the separation of the 
electron and hole quasi fermi-levels , and hence the junction 

voltage, becomes pinned at threshold as a result of the 

9 

high rate of stimulated emission . The I-V relation for 
I > I^k becomes V = I R + V^^, where V^^ is the junction 
voltage at threshold. The derivative dV/dl above threshold 
is therefore, a constant equal to the series resistance R, 
Consequently at the .lasing threshold, the product I^j~ should 
decrease abruptly from IR + to IR and then continue to 

increase with current at a rate equal to R, thus allowing 
accurate determination of the lasing threshold using 
derivative technique. 

Paoli^’ 10 investigated the behaviour of the second 
derivative of I-V characteristic of stripe geome.txy(AlGa)As 
junction lasers and its relation to the variation of the 
first derive 'Give with current. In the vicinity of the 
lasing threshold, a pronounced peak occurs in the second 
derivative signal as a result of the voltage saturation 
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induced by the stimulated emission. Above threshold, the 
second derivative assumes non -so ro positive values for 
lasers with incomplete saturation, while complete saturation 
is characterized by a near-zero value for the derivative, 
ihe above threshold behaviour of the second derivative also 
reveals the presence of perturbations m the saturated 
state of an otherwise well- behaved laser. 

Our interest, which has led to the design of the 
present system, is in the study of metal -semic onduc tor 
junctions, where it is particularly difficult uo know the 
mechanism of current transport. In cases of thermionic 
emission (iE), thermionic field emission (TEE) and field 
emission (EE) the plots of U 1 versus T as discussed by 
Saxena*^ have been shown in Eigure 1. Curve 1 corresponds 
to n = 1, whereas curve 2 corresponds to a value of n > 1 • 

In case of curve 3 there is a parallel shift as compared to 
curve 1. Curves 1 ,2, and 3 re-present thermionic emission. 
I'he curves 4 and 5 represent fcb.erra.omc field emission and 
field emission r espec bively . 'i'he measurement of the 
parameter U at various temperatures will decide the 
mechanism of current transport m Schofctky barriers, dhis 
parameter is related to the second derivative whereas R, 
the series resistance is related to the first derivative 
of the I-V characteristic of the device, thus the 
present system which is capable of peovidmg the 1-Y plot 
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as well as andHC versus I plots can be a good cool 

ai dr 

for the characterization of the metal-semiconductor junctions. 
Moreover, it will tie a good scientific instrument for the 
research work related to the ouher derivative measure icnts . 

In Chapter 2, the various techniques of derivative 
measurement have been discussed. A table has also been 
given with the remarkable features of each technique. In 
Chapter 3, the basic principle of the system is discussed. 

A brief description of various building blocks of the 
system is also presented. Chapter 4 deals with the circuit 
design of the system, whereas the next chapter brings out 
the meritorious features of it. In Chapter 6, a few 
semiconductor devic es have been characterized and tie 
results have been correlated. 
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CHAlTER 2 

REVIEW OF. VA RIOUS TECHNIQUE S 

1 2 

2 • I Harmonic Detection 
2.1.1 Current Modulation: 

The method employed to determine dV/dl and d^V/dl^ 
ls to apply a small ac signal i = Icoscjt superimposed on 
the do bias voltage across the junction and then to detect 
the voltage at the fundamental and second harmonic frequency 
of this ac signal. If the current modulation ftmp. i, is kept 
constant, then the voltage across the junction may be 
written in a i'aylor series as: 



Thus the component ol the voltage at the fundamental 
frequency is proportional to (dV/dl)^ and the component 

o 2 2 

at the second harmonic 2w is proportional to (d^V/dl )~ . 

o 

With a stable amplitude oscillator and a good lock-m 
amplifier, the method of harmonic detection can be applied 
directly to give measurement of dV/dl with an accuracy of 
1 in 

If one is interested m obtaining a value of the 
conductance dl/dV from the measured resistance dV/dl, it 
is necessary to mathematically invert dV/dl. This can be 
done point by point or by use of a computer. 
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2.1.2 Yoluage Modulation: 

It is also possible to measure (dl/dY) v directly^ ? ^ 

v o 

A constant voltage ac signal v = Ycosoit is now applied to 
the junction su per ir>i posed on a voltage bias and the method 
of harmonic detection is employed to measure the current 
changes by measuring the voltage across a fixed value 
resistor, Very low modulation levels (5 to 10 pV rms) 
are employed m the circuit. 

When the function of interest in derivative measure- 
2 2 

ment is d I/dY , there are several methods by which tins 

2 2 

parameter can be obtained, A measurement of d V/dl can be 

7 1 6 

ob rained by a number of mechods r ’ by monitoring the signal 
at the second harmonic rather chan at the fundamental 
frequency. Having obtained a value for d V/dl one can 
then use the identity d 2 l/d\f 2 = (d 2 V/dI 2 ) (dl/dV)^ to 
obtain a value for the derivative of the conduccance. 

2.1.3 Illustration: 

A block diagram of the above system with the voltage 
1 4 

modulation is shown m figure 2. The current measuring 
circuit, which has essentially zero input impedance, produces 
an output voltage proportional to the current in the device 
under test. The reference channel of the lock-in amplifier 
provides internal frequency doubling for d I/dY measure- 
ments. The voltage across the sample is measured with a 
Keithley model 160 digital voltmeter, whose analog output 
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Block diagram of the method developed by Kerb and Holanyck 
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drives the X axis of the X-Y plotter. Because of the 
sensitivity of the currenc measuring circuit to small 
currents, including noise currents, it is essential that 
the high impedance ( + ) terminal of the DVM Be connected to 
the low side of the sample, fins polarity inversion is 
accounted for m the connection of the analog output of the 
DVM to tho X axis of the recorder. In order that the 'Us- 
colibretion of the X axis or expansion oi tho recorder 
sheets due to hu udity does not lead to erroneous voltage 
ratings, the BCD output of tho DVM is monitored and a 
simple pulse circuit produces a 1 era blip of 0.1 sec .dura non 
on the recorder sheet at desired intervals (usually 10 or 
20 mV). A voltage sweep employs an integrator to produce 
a voltage ramp or dc bias for the junctions. A current 
amplifier provides bias currenc upto +,3A. 

2.2 Br id ge ,fechnigue 
Illustration : 

Hhis system^ utilizes a bridge circuit and an opamp. , 
the latter providing the inversion which is necessary in 
order to obtain conduction results from a resistance bridge. 

Jf 0 and g = dl/dV represent the capacitance and 
dynamic conductance of a junction in the Wheatstone bridge 
shown m figure 3 and if V Q e 3 wt represents a constant 
sinusoidal voltage across the reference resistor B flf oparap. 
will maintain the same across the junction, ‘iwo bridge 



12 


arm -currents labeled I will then be equal, and any 

conductance mismatch between the junction used - and the 

reference elements R and C must be compensaoed by an 

s s 

additional current $ from rhe amplifier. 

'the nonlinearity of I-V character is cic foe the 
junc cion will also demand that the to cal current ohrough 
the junction have a harmonic content if the vol'co^e across 
it is co be a pure sinusoid. Since I is a pure sinusoid, 

6 must contain these additional harmonics as well. One 
may get s 

«v = ? n e 3wi “ + Z r 6 

O XI 



& s + G-f + 3 w 


(0 ~C +C _) } V 
^ X s f c 


,3 


+ 


1 

4 


4 


r 2 2jmt 


( 2 ) 


She circuit shown in figure 3 therefore has the 
properties of a conductance bridge and variations m the 
dynamic conductance g may be followed with a phase s on si- 
live detector. Since the signal across R will phase lag 
the oscillator signal, and since Z £ will cause an additional 
phase lag, the g x part of the output signal 6v will lag the 
oscillator signal by a constant phase angle, the correct 
phase setting for the reference channel of the phase sensi- 
tive detector may be found by first adjusting R and (J to 
obtain <5v = 0 as indicated by an oscilloscope and then 

increasing R a by a small amount, i'he resulting signal then 
s 
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corresponds to an increase m g , and since it is free of 
quadrature components , the detector may he adjusted for 
maxi uium response to it. i'lie same phase sebting will then 
he correct for second harmonic detection as well if the 
oscillator frequency is accurately halved for second 
derivative recording. 

2.3 Modified techniques 

2.3.1 Combined Harmonic Detection and Bridge technique: 

4 

1'his system uses a combination of harmonic 
detection and bridge techniques for the measurement of 
dV/dl and d 2 V/dI 2 . 

the conventional harmonic detection methods using 
a preamplifier and a lock-in amplifier cannot provide the 
required high resolution. Since the junctions under consi- 
deration arc only weakly nonlinear, the variation of interest 
comprises only a small part of the total signal across bho 
junc cion so that mo 3 b of lock in amplifier output signal 
(90 to 99$) must be bucked out in order to display th°se 
small vana cions on an X-Y plotcer or similar recording 
device. Two difficulties immediately arise: 

( I ) the high gain required cannot elways be attained 
because of the limited dynamic range of the lock-m 
amplifier, and 

( II ) the significanc errors may be introduced duo bo gain 
variations of the amplifier and instabilities in the 
buoking voltage. 
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l'hese two difficulties may be overcome by bucking 

out most of the signal prior to amplification. Such a method 

has been applied by incorporating the junctions as one arm 

of an ac Wheatstone bridge, This method has an additional 

advantage in that it provides rejection of the fundamental 

2 2 

w t when measurements of d V/dl are made This cancella- 
tion of the fundamental is complete when the bridge is 
balanced, the signal proportional to d V/dl is unaffected 
because the junction is the only nonlinear element of the 
brz dge . 

Previous use of an ac bridge required high modulation 
levels in che region of interest. Such modulation may produce 
serious smearing of the information. 

The present bridge provides high resolution measure - 
2 2 

cients of dV/dl and d V/dl using loi^ modulation levels. At 
these levels the resolution is limited by thermal rattier 
than instrumental smearing ax temperatures near 1°K. 

As shown m Figure 4, one arm of the bridge contains 
semiconductor junction R^,, which is treated as a non- 
linear passive element, while the other arm has R^ set 
so that R^ a Rj and R »R ( j, ‘the inductance I» and the 
resistance are large enough that one may neglect the 
ac shunting of the junction, by tie dc bias supply, also 
is large enough chat shunting by the ac modulacion 
supply can be neglected. 
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If 6 cos ait is the current m each arm then 



V 1 

= R, 6 c os w t 
d 


and 

V 2 : 

« I S, + (dV/dI) T ficos ui; 
o a 




+ ~(d 2 V/dI 2 ) T fi2 (1 +c 0 s2«t) + ... 

4 L o 


1‘hus, 





f 12 

O) = <5{R, - (dV/dl) T }cos ait 

1 o 

(3) 

and 

V 12 

(2w)= j 6 2 (d 2 V/dI 2 ) I cos2 w t 

(4) 


o 


Proper choice of enables one to use the full 
scale of the recording device to display the small variation 
m dV/dl of the junction rather than dV/dl itself. In tais 
way the problems of dynamic range and gam stability of 
the lock in amplifier arc circumvented. 

Adler et al further developed an instrumentation 

for the measurement of the first and second derivatives 

and recording these on magnetic tape suitable for subsequent 

computer analysis, 'the system is capable of resolving 

5 

changes m the first derivative as 1 in 10 . fhe method 
of measurement employs a combination of harmonic detec tion 
and bridge techniques similar to that used above along 
with a data acquisition system which presence the data on 
digital magnetic tape. 
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Fig 5 Block diagram for variable-depth current 
modulation technique. 
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2.3.2 Variable Depth Current Modulation technique': 

As sho>m in Figure 5 the product -I 2 (d 2 V/dI 2 ) has 
been obtained by detecting the second harmonic signal 
generated with a current modulation whose amplitude is 
increased in direct proportion to the increase in bias 
current I. With this type of modulation, the signals at 
m and 2 to remain within the same order of magnitude over 
the entire range of currents, and detection of the second 
harmonic does not require a high rejection of the fundamental 
signal. 

Detection at frequency 2f can be accomplished by 
operating the phase detector m the f/2 node. In this 
mode, the instrument produces an internal reference fre- 
quency at exactly twice the frequency of the externally 
applied reference, thus making the detection system 
sensitive to ^f 4 

2.3.3 Dual Frequency Cons cant Depth Current Modulation 

'technique*^: ' 

l'he principle and advantages of this technique 
are going to be discussed m Chapter 3. As shown in 
Figure 6(b) the current supplied bo che diode is modula- 
ted at two phase-locked frequencies f^ and nf^ , fho 
coherent signals were derived from a signal generator 
(Hewlett Packard, Model 203A) with synchronous sinusoidal 
and square wave outputs at f ^ , i'he distortion level 
(0,06$ of this generator was more than adequate to 
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eliminate spurious contributions to cho second derivative 
signal* ilihe sinusoidal output was applied directly to the 
diode, while a coherent signal at nf^ was derived Iran the 
square wave output by down converting its frequency to 
(1 - and then extracting the ( ~~ )th harmonic of the 

resulting square-wave to synchronize a phase locked ooeilla i.or . 
In the detection circuit, afocr passing through a low pass 
filter and amplified, the second derivative signal at 
(1- n)f^ was detected with a lock-m amplifier (PAR model HRS) 
Reference for the phase sensitive detection was obtained 
directly from the It! count- down circuit. 

A few standard methods with their main features and 
some limitations have been prosonted in a tabular form on 
the next page. 



> 

z 

o 

5 

z 

o 

LU 

D 

Q 

O 

F~ 

UJ 

Z 

<r 

O 

IL- 

O 

u 


a: 

O 

, *- 
< 

< ac 
Z uj 

o z 

rr uj 




b- lu 
V “"j 

“ s! 

ui 2 i- 
^ < < 



X CL 
u 2 
O < 





K 

z 

s 

F~ 

Z 

UJ 

UJ 

U 

l/) 

cc 

CC 

z 

ex 

Z5 

o 

s> 

o 

O 

U J 

i/i 

J | 


Fig. 6 lb) Block diagram for determining the second derivative 
‘using, dual frequency technique 

























lable 1 : Various Techniques of Derivative Measurement 
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CdAPi'ER 3 


BASIC l-MNCli-LB AND BLpCf - jOIaG-AA M OF T.IEJ3Y Jr AM 


3 . 1 Theoreti c al Aspects 

1'he technique used bo ieasure che first derivative 
is similar to the well known analog derivative techniques. 
The procedure relies upon superimposing an ac nodulatj on , 
icos(^ t ) onto the dc lias current I applied to bhe device. 
As is well known the ac response of a nonlinear device to 
a weak modulation is best discussed in terms of a power 
series expansion in terms of bhe nodulated parameter. If 
the current modulation amplibude i is kept snail (relative 
to I) and constant, then the voltage v developed across the 
device terminals nay bo written as a lay lor power series 
expansion m the modulation signal, 


= V {I + icos( wt) } 

= V (I) + 1.0 os ( at) 3J + i & + .... 


2 2 3 3 

= { V ( X )+— — + ,,.} + cos(wt ) { i 

4 dl dl p 

5 5 

, 1‘ Vv , , 

+ - ‘ c + • • * > 

192 dl 5 


.2 2 A A 6 6 , 

+ c os ( 2 to t ) •[ — “-“w + " — -Jr + *=“ — - + » . . } (5 

4 dl 48 VT 1536 dX D 
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Let the two terminal device be modeled by an ideal p-n 
junction m series with a resistance R. Let it bo characteri- 
zed by a current I which varies exponentially v/ith applied 
voltage V as 

I = I s { exp -1 ) (6) 

where I g is the an duration current and ri is an exponential 
parameter usually depends on che characteristic of the 
mechanism by which the current flows. 

On substituting equation (6), one can got 

v - V dc + cos(w t){ iR+n Tjj, ~( l-^Pm 2 )} 

2 ___ 

- c os ( 2 to t ) { qVrj, (1 - 5y~ - ~m 2 ) } -s » . . , ( 7 ) 


If m << 1 , only the leading terms of each frequency compo- 
nent need be retained, and thus 


v = 


2 2 

V + i cos( wb) + ~ cos(2 m t ) + 

dc di 4 d i^ 


(3) 


and also 


V SS 


V An + (it + -)icos( wt ) - nV 1(l — npCos (2 w t) 

ac - 1 - 4(1+0 

s 


I+I 


^ * • * » 


(9) 


Por modulation levels m less than 10$, the errors, 
m the above approximation are less than 0.25$ for the first 
derivative cos( wt) and loss than 0.5$ for tho second 
derivative cos(2wt). 
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Ulhus the voltage detection at the fundamental 

frequency yields a direct indication of and thereby 

the values of R and n Y^. Similarly, the signal at 2w can 

2 2 

be used bo measure the second derivative d V/dl directly. 
Since I., is many orders of magnitude less than the 

D 

currents of interest, the equations (8) and (9) con bo 
rewritten as 



I (dV/ dl ) <= R(I) + n V r£ 

(10) 

and 

i 2 (a 2 v/ai 2 ) » - nVy, 

(ID 


provided chal the parameters n? I Q and R arc not functions 

E> 

of current. 

In order to correlate the last two equations, one 
can -write the identity: 

-iVW) - 1 g - x y i g> 02) 

n n T T 

Since 2ll(I dT^ 13 "^° °-^ ^ llG I( c ^/dl) curve at I, 

2 2 2 

above equation shows tiio t m general -I (d V/dl ) is the 
intercept at I = 0 of tno tangent to the I(dV/dl) curve. 

In principle then, no information is obtained from the direct 
observacion of -I (d v/dl ) that could not have been found 
from the variation of l(dV/dl) with current, nevertheless, 
the direct observation of the second derivative can be 
extremoly useful since ic avoids the graphical extraction 
of data which can be very inaccurate in regions where the 
function l(dV/dl) is rapidly changing. 
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It is worth emphasizing that direct measurements of 

2 2 2 

bhe quantities l(dV/dI) and -I (d V/dl ) are desired as opposed 
bo the synthesis of these quancibies from other measured 
parameters. I'his improves both the measurement accuracy and the 
experimental simplicity, 

i'he conventional techniques commonly involve 
sinusoidally modulating an independent variable , such as 
current or voltage, and detecting the ac response of the 
dependent variable. A measure of tho first derivative of 
che electrical characteristic is then provided by the ac 
component of the device response at bhe frequency of modu- 
le cion, while the second derivative is m principle proper * 
Lionel to tie sinusoidal response at twice the modulation 
frequency . 

In a practical realisation of tho second derivative 
measuromcnb Iwo problems arc encountered*^: 

(i) Firstly, tho detection of the second harmonic signal 
requires r^conon of the fundamental signal, which for 
weakly non -linear characteristics can be one or more orders 
of magnitude greater than the harmonic signal. Adequate 
atcenuation of tho fundamental without appreciable loss for 
tho second harmonic requires a frequency selectivity which 
is nob easily attained. If adequate attenuation of the 
fundamental is not achieved, then chc input preamplifier of 
the lock-in amplifier will saturate at gam setting less 
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than that required to detect the harmonic signal. 

( 11 ) Secondly, any second hormone component in the 
modulation signal, from wha cover source, will produce 

a second haimonic voloage proportional to dV/dl rather 

2 2 2 2 
than d V/dl , giving rise bo a distorted d V/dl plots. 

V 

3 . 2 Dual frequency. Tpc hniquo. 

Shis technique, which is very much similar bo the 
well known intermodule! ion method of distortion measurement, 
utilizes ac modulation at two disbinct hub synchronous 
frequencies f and f 2 to produce a derivative signal ab a 
difference frequency f, which is unique to the order of 
the derivative being measured. By appropriate selection 
of the frequencies, the frequency selectivity required is 
greatly reduced compared, to that needed, for conventional 
harmonic detection and may easily be attained by simple 
passive filters. In addition, the effect of spurious 
signals from harmonic distortion of the modulation sigml 
is eliminated since bho frequency f at which the dwsi:cd 
derivative signal appears is not coincident with a harmonic 
of the modulating frequencies. 

Again going back to equation (5) and sub 3 tibucmg 
v « V U + i 1 Cos( w^t ) + i 2 cos( mg'b)} a nd neglecting the 
small terms, one may get 
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a 2 v f 1 i 


2 _ 2 
+ 

4 


2 i 

v = {V 0 (D + + ■”)} + H*{ l^cosC w^t)+i 2 cos( oa 2 t) } 

2 




A •X 

+ “—'pr °os(2 w 1 1) + Cos(2 wgt) + ~~ ™ ooa(u^+ Mp)r 


i,i 9 

- 4 “ CofcJ ( W 1 " } 03 ) 

In response* to a current modulation applied at two 
frequencies and f 2 > the linear term in the expansion 
gives rise to sinusoidal components of f^ and f 2 , each of 
which is proportional Co the first derivative dV/dl. 
Analogously, the quadratic term in the series produces 
signals at 2 £^ , 2f 2 , f^+f 2 , and f.j~f 2 , all of which are 
pr opor bional to t/he second derivative d V/dl . In principle, 
the second derivative* can bo measured by the signal ao 2f^ 
cr 2f 2 . Hovjever, detection at chc difference iruquency 
f = f-j-f 2 Can 'Advantageous for two reasons: 

first, by apj.ro print c selection of the frequencies, 
the frequency selective cy of conventional components can be 
used more effectively than with second narmomc detection. 

A conventional low pass filter tuned to the* difference* 
frequency can provide much more attenuation of the funda- 
mental than a filter tuned to the second harmonic . In 
addition, the exact value of f can bo selected for optimum 
S/N ratio in the detector for those cases which require 
maximum son si bivity . 


I 




*6-7 BLOCK DIAGRAM OF THE SYSTEM 
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Secondly, harmonic distortion of the modulation 
which. produces a spurious signal proportional to vne fast 
derivacivc does not contribute to th.o second derivative 
measured at f^-fg. Consequently, the distortion require- 
ments imposed on the modulator are less stringent with 
detection at the difference frequency than with second 
harmonic detec cion. 

i 6 

Dual frequency tcchniouo originally used by Paoli 
is the hearx of the present system which is going to bo 
discussed bloclcwise in the next section, 

3.3 D escription of the, sys tem 

As shown in figure 7 the system may be divided into 
four parts based on function performed by them: 

(i) Square wave generation 
(n) Current modulation 
(m) Synchronous detection 
( iv ) Anal og multi pi i oat i on 

3.3.1 Square wave generation: 

A standard crystal is used to generate 500 KHz 
square wave, ‘two digital counters havo been usod to divide 
the frequency to 50 KHz and 5 KHz respectively, A P1L with 
another counter of modulus 9 is used to generate 45 KHz 
square wave, from tho 5 KHz square wave signal. 
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3.3.2 Current modulation: 

Two small a low pass filters have "been used bo filter 
ouc the odd harmonics. Thus af cer this stage we get two 
sinusoidal frequencies of 50 KHz and 45 KHz with high stability 
(being equal to the stability of the crystal) and distortion 
level less than 0 . 1 luese sinusoidal frequencies of 45 KHz 
and 5° KHz are used as modulobmg frequencies. 

The two terminal device is biased with a constant 
current source, the current of which can be increased upbo 
500 mA by a variable resistor R* controlled from outside. The 
same current I also flows through the resisbor R^ , the voltige 
across which is sensed by a differ ontial amplifier co give 
a voltage directly proportional to the corresponding current. 

Switches S.j and Sg v/ hen switched to positions (l) 
present two modul remg frequencies 50 KHz and 45 KHz to the 
biased device, whereas m position (2), only a single fre- 
quency of 5 KHz is applied. Resistors and Rg aro sufficien- 
tly high to ensure that the modulation at those frequencies 
are with constant <ac currents and secondly that 1 «I. In 
order to get good resolution, the permissible excursion of 
the ac signal about the dc bias point is leapt very small as 
compared to the thermal energy Kf = 25.8 meV at room tempera- 
ture m order that the resolution be limited by thermal racher 
than instrumental smearing. The capacitors C.j and Gg ai?e 
sufficiently high so that they may offer reac canoes of only 



a few ohms bu c block dc caning from current regulator. 
Resistor is of a few tens of ohms and its purpose is 
to provide a low resistance pa oh to che currents coming 
from the two ac sources and hence to avoid their inter- 
ference when switch is at position 2. 

3»3.3 Synchronous detection*. 

With swi cch and in position (1 ) from tne 

modulated waveform, ihe sxrong fundamental signrls at 

45 KHz and 50 KHz are rejected with an RC passive filter 

20 

to sufficient atcenuncion. Here the missive nature of 
the filter is preferable because (i) they are least 
sensitive and hence best fit for handling the small 
signals, (n) if i b be active filter it would hove its 
out pit saturated by strong fundamentals . 

With switch S.j and S g m position (2), there is 
only one moduli cm g signal of 5 kHz which will directly 
pass through the low pass filter with a small percentage 
of second harmonic. It is quite possible that due to the 
larger fundamental signal (hero at 5 KHz) the preamplifier 
may be sa'curvtod, Abcenuacor (1) is hero to avoid this 
condition. 

Thus after f il fccring and preamplification, the 
signal of 5 KHz frequency is passed bo a synchronous 
detector. To the ocher input of the detector another 
5 KHz signal phase locked to the first one is applied . 
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i'he oucpub when properly filtered ouu gives the dc volt ge 

2 2 

'Inch is the measure of d V/dl >ath switches at position(l) 
and dV/dl with switches at position (2). 

3.3.4 Analog mulciplic a bion: 

‘file volbage V = xl is fed xo a volcage squamg 

circuit which is actually a voltage multiplier with che 

2 2 

bwo lnpuxs connecbeu to V = xl, thus ge Going V - x^I , 
wnere x, x^ are cons cants. 

As shown, the nexc stage is a voltage multiplier. 

With S.j , and all ac (I), the two inputs of the 
multiplier are V = x.jl 2 and V = y.j(d 2 V/dI 2 ) and the output 
being equal to V ~ A I 2 (d 2 V/dI 2 ) . 'file same voltages for 
all the three switches at (2) are V = xl, V = y^{6M/dl) 
and V = I (dV/dl) respectively, 

l l he output of the voltage multiplier is applmJ to 
the Y input of the recorder, che JC input of which varies 
linearly with bias current I. 




FIG.9 CIRCUIT DIAGRAM FOR SQ.UARH WAVE G5NE3ATI0K 
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CIRC UI 1 !' DESIGN 

The system design has "been presented in the seine four 
parts as were discussed in the previous chapter. 

4 . 1 Square Wav e Gene ration 

4.1.1 Crystal oscillator: 

In che present technique, the dif f erenc e-f rrquonoy 
signal should be of one seine frequency and phase <_«.s chat 
of the signal at the reference frequency. Thus, tae 
frequency stability of th e modula ting signals mucc be 
better than 20 ppm/ o 0 and hence signals must be derived 
from a crystal oscillator. 

Commercial, crystals are readily available at 
frequency greacer chan 100 L'-lz and this frequency will 
have to be divided to get the desired one. Due to the 
availability of digital circuits foe frequency division 
it is preferable to genera ce che square wave signal richer 
than ohe sinusoidal one from the crystal used . 

In order to facilitate the filtering of the 
difference frequency signal from •chose of the t,vo modulating 
signals, let the lacier bo 9 to 10 times the former one. 
i'he modulating signals at 50 iZdz and 45 -dlz and hence the 
difference frequency signal at 5 If-fe is sufficiently good 
approach . 

A large number of circuits are available for 
generating square wave signal using a crystal } and 
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a JFET, a Schmitt trigger, a comparator etc. In our system, 
a comparator yA710 has been used. It has last response time 
(less than 40 ns) and moreover it is digitally compatible. 

It needs two unsymmetric supply voltages as shown, but since 
the same voltages are needed elsewhere, ic : 3 not a disadvan- 
tage. 

i’he circuit used is similar bo a free running multi- 
vibrator circuit, except chat tne positive feedback is 
obtained through a quartz crystal, Tne circuit oscillates 
when transmission through crystal is at a maximum, so the 
crys bal operates in its series resonant mode. In our system 
the value ol the capacitance used m series wibh the crystal 
is adjusted to a value of about 68 pf to generate square 
wave of exactly 500,000 2CHz. The series capacitance used 
as well as the presence of very high input impedance of 
the comparator minimizes loading of the crystal and contri- 
butes to the frequency stability. The dc stability, which 
insures starting, is provided by negative feedback through 
a 15 £ Q resistor. The negative feedback is reduced at 
high frequencies by a 0.01 pf ca^citor. A better square 
wave symmetry can be achieved by adjusting the dc voltage 
at the non -inverting input of the comparator. In the 
present case the generated waveform is to be divided by 
10, through a decade counter wnich v/xll automatically 
generate a symmetric square wave signal, hence the waveform 
symmetry is of no worth to be considered at this stage. 
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4.1.2 Frequency divider: 

Ihe decade counter SiT 7490 has been used for 
frequency division. It nas been used to divide the 500 KHz 
square wave signal to get 50 IJJz square wave signal , which 
is again divided by 10 using another counter to get a 
square waveform of 5 KHz frequency. 

4.1.3 Frequency multiplier: 

By inserting a frequency divider into the feedback 
loop, between the VC'O output and the phase comparator input, 
a I'LL system can function as a frequency multiplier. fne 
counter divides down the VCO frequency by the modulus, N. 
l‘hus when the entire system is phase locked to an input 
signal at frequency, £ , the VCO output is at frequency 
Nf 0 . By proj.Gr choice of the divider modulus, a large 

O 

number of discrete frequencies can be synthesised irom a 
given reference frequency. 

The same principle has been employed to generite 

45 KHz square wave, with a 5 KHz square wave as the input 

27 

signal. ELL used is XK215 wnich can bo operated over a 
large range of power supply voltages (from 5 V to 26 V), 
has a wide frequency band (0,5 Hz to 35 MHz), and is 
digitally compatible. Moreover its VCO has adequate fre- 
quency stability (typically 250 ppm/°C) and possesses 
lower rise and fall time (20 ns). 
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il'he design procedure may be summarized as follows: 

(a) Wl l:a out additional ICs, counter 3F7490 can provide 
frequency division by two, live and ton, for gaining 
frequency division by nine, the state 1001 need be decoded 
and fed Go the R Q ( 1 ) or R Q (2) pm wi ch Rg(l) or R^(2) 
grounded. Since both the most significant bit (D) and the 
least significant bit (A) are 1 only m the last state, 

it is sufficient to generate AD, which has been obtained 
using cwo gates of the quad NAIAD logic SN7400, 

(b) It is preferable here to have VCO frequency 
nearly equal to 45 KHz, The free running frequency f is 
approximately given by; 


f = 200 d + M ) 
1 o o ' 1 a J 

O X 


(14) 


where C is m pf, and R , the frequency range e.ctamion 
resistor is in K 0, Here, f ( = 45 ^-Hz) is not sufficiently 
high, hence R can be open circuited, from expression ( 1 4 ) 

.A, 

approximate value of C q is 4444 pf. However prac tic ally 
oho value needcu is 3500 pf and has been used. 


(a) Tne low pass filter capacitor is normally chosen 
to provide a cut-off frequency equal to 0.1/4 to 2-/a of the 
signal fx’equ ency, f g . The internal impedance for the low 
pass sec cion is 6 K 52 and thus two capacitors each of value 
1 pf at the input terminals will serve the purpose. 
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(d) The l'.ck rang** A is given by 


4 h - *4 K o 


where K Q (VCO conversion gam) 


£r^- (radians/ sec )/volt 
oo 


(15) 


(C Q and R Q are in yf and kq respec ti vely ) 
an d .k d ( pha s e c om para Cor gam ) 

~ 2V/rad. (for signal amplitude greater then 100 ,it;. 


Thu s 

Aw L = D'^T“ c y c J- e s/sec. 
oo 

The capture range A wq is given by 

4 “>0 = ( A “i/n 

where is filter cime constant. 


(16) 


If R Q is chosen to be equal to 2 lifi, the lock and 
capture ranges are approximately 400 ICdz and B ICHz respec- 
tively, and ensure stability of che system. 


(e) The phase com para tor lnpuxs should be ac tie same 

dc level with the bias current nominally 8p.i. Two resistors 
each of 2.2 Kfi connecting these pins to ground serve this 
pur pos e . 

(f) The VCO produces approximately 2.5 V output signal, 

ir ir 

The dc output level is approximately 2V below V This 

c 0 

signal as such cannot be directly connected to a digical 10. 
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As shown the dc level is reduced down by a potential 
divider arrangement using two resistors of 2.2 IC ftand 12 KQ, 
the output of the VCO being ac Coupled to the counter, 

4.2 Current llodulat io n 
4.2.1 Active low pass filters: 

1‘he filter circuits to be preferred for our system 
should have the sensitivity as low as possible to the 
variation of the circuit parameters, I'he high slew race 
opamps need frequency compensation , which is usually 
difficult for the closed loop gains not being an integral 
ratio. Hence, the commercial buff ers , which are internally 
frequencjr compensated are preferable for our purpose. 

25 

1‘h.e active filters discussed by Rao, Venho ^eswaran ; 

2 6 

and Soderscrand, Hitra , as shown in Figure 9 are thus 
most suitable for our purpose. In analysing such circuits 
the most important parameter wj.ich was neglected by them 
is the departure of the gain of the buxfer from uni by 
particularly ac high frequencies, i'he exao o analysis, 
taking this inadequacy into account, is presented in 
Appendix j. fhe resulcing expressions relevant for the 
design are as follows. 


11(a) = 


I'he transfer function is given by 
V 


1 


V. 


n CjCpRjR^ C_Rp , j, 

1 S 2 JL |J LI + S( ^ + (1. -1 )G R } + 1* 
K ii z Yr 1 1 Yr 


K 2 /C 1 C 2 R 1 R 2 


s2+s{ c^ + ( 1 “ l ^ 2 )n 2 R 2 nJr^R 2 


( 17 ) 
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where, the gam of the two buffers are assumed co be die 
same and equal co K. 


Comparing the above equacion co che scandard form 
for the low tass filter: 

,2 

.2 ( 1S > 


rl W 

11(3) = 

S + aw s + of 
oo 


we aave, 


f - c enure frequency ~ 




a 


2 V (O^g^Rg) 5 

= l “ (C 2 R 2 /0 1 R 1 )* + C 1-K 2 ) . (G 1 R 1 /<J 2 R 2 


(19) 


H Q (the low frequency gain ) = K* 


and = K /a 


( 20 ) 
(21 ) 

( 22 ) 


Thus by minimizing a with respect to any of th>„ 
parameters , C 2 , R 2 a low pass filter m ny be employed 

for the proper rejection of undo sired frequencies. 

From equation (20) the minimum value of a achievable 
is given by 

“mm ' 2'CI-K 2 ) (23) 

and thus , 

C 2 R 2 /°lRl = 1-K 2 (24) 


For a square wave symmetrical about 0 V, Fourier series 
is given by 




F i q. 9 


A !o v, - n vi 1 1 vc L o w- p a v- filter 
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V . 1 1 

v - “ (sin wt + ^ 3in 3 wt + ^ sia 5 w t + . . . ) 

(25) 

Thus the concent of third aarmonic is one third of the 
fundarnencal and hence, in order to properly filter out 
che chird harmonic content from the fundamental (say with 
a rejection racio of 100), one should choose a min m such a 
way th at 


V f o> = 100 

V 5 ' X o>” '3“ 


*30 dh 


( 26 ) 


A glance over che amplitude v casus frequency response 
of a second order low pass filter ‘Vich a as the parameter 
necessitates a min ~ 0.3 for the above desired third harmonic 
rejec tion. 

Design cal cula cions : 

28 

Using IM310 as buffer, the minimum ct o T >tamab]v ac 
50 KHz, 45 KHz and 5 KHz as calculated from equa cion (23) 
have been given below: 


Frequency 

Gain 

a . 
mm 

50 

fcCIIz 

0.992 

0.26 

45 

KHz 

0.993 

0.16 

5 

KHz 

0.999 

0.06 


How using equations (19) and (24), the values of 
various components chosen are tabula cod below (Choice, 
ft| = 30 K & and = 1000 pf for 50 KHz and 45 KHz, 

C 1 = 0,01 U f for 5 KHz ) : 



45 


f o 

R 1 

r 2 



°2 


50 KHz 

50 Kft 

600 

ft 

1000 pf 

470 

Pf 

45 IMz 

30 Kft 

801 

ft 

1000 pf 

470 

Pf 

5 KHz 

30 K ft 

666 

ft 

o.oi u f 

4700 

pf 


Note: If suppose a filler is designed for a = 0.1 with 

the assunption of buffers gain as unity, then for the actual 
value of K,a = 0.26 at f = 50 KHz. '1‘hus xhe error of 160'/ 
from ohe cheoretical value ensures the impor banco of this 
paramet jc . 


4.2.2 Current regulator: 


As shown in figure 1 9 the volcage at the non- 
mverting terminal of the opamp, B will ho maintained at 
^ref" Gurren0 coming out of the collector of xhe outpux 

transistor v/ill be a pproximatoly the same as that through tho 
resistor R* thus che current through the load is given by 


x c = 'W*- 

Any tendency of I to change will be reproduced 
by a change m V . This change is fed oaclc xo the input 
xhrough the inverting terminal of the opamp resulting in 
a correction which restores both V q and I ^o their original 
values, 'the output impedance of the current regulator 
discussed is equal to xhe collector to base impedance of 
the output orinsistor. 




FIG « CJRCIPT ETAGRAW FOR CLRRSM? tfCSUu&T.C 




All the constituent blocks needed for the synthesis 
of current regulator are chere in IG yA 723 23 . It consists 
of a tempera mire compensated reference amplifier, error 
amplifier, power series pass transistor and currenc limio 
circuitry. However, its output current is limited to 150mA. 

Our purpose is to make the system useful for devices ranging 
from solar cell, Scoot tdey harrier lo laser etc., hence output 
current upto 300 mA is acnieved using additional npn pass 
element, 'fhus the arrangement shown gives an output current 
from 0 to 300 mA and has a provision to externally indicate 
its value. 'Ihe small resistance of 20 ohms used serves 
two purposes! firstly it limits the maximum current and 
secondly the voltage across it is a measure of current 
flowing m the load. 

4.2.3 Modulation: 

'l'he bias current I Q is passed through the device to 
be characterized, the 45 KHz and 50 KHz outputs have been 
connected through resistances (here 20 IC-ohm) sufficiently 
higher than the dynamic resistance of the device for constant 
depth current modulation. Here these modulating currents 
are 0.12 mA(pp) so as to provide .betxer resolution. 1'wo 
large capacitors nave also been connected in series with 
20 IC-ohm resistances so as to offer very small reactances at 
these frequencies and secondly for isolating che ac sources 
from the bias current. Since the output impedance of the 
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current regulates? is of the order of IS Q, hence tnere is 
no need of any inductive reactance to isolate it from the 
ac sources. 

-1.2.4 Differencial amplifier: 

‘i'he voltage across 20 ohms resistor has been used 

to give a measure of the current flowing through, it. fhe 

PEI -input ojjamp 1H0042 has very closely matched input 

ch arae t, ensues, ultra low input currents (15 pA), very 

1 2 

high input impedance (10 ohm) and extremely high CURE 
(36 db). This opamp has been used for providing the single 
ended output voltage proportional to the bias current. 

4 . 3 Synchron ous,, De te c ti on 

4.3.1 Passive low pass filter: 

I'he order of the ac voltago sitting on the bias is 
just a few mV, hence a filter least sensitive to bias, 
temperature variation e^c. will be preferred. Moreover, 
since in the dual frequency technique, the undesirable 
frequencies are very much apart from the desirable one, 
hence a simple passive filter will servo the purpose. Por 
better iiltcrmg three RC sections have been used. 

4.3.2 Preamplifier: 

The signal obtained (of the order of a few mVs) 
after the low pass filter is boo small to be useful for 
lurcher processing, therefore preamplification is 
essential. 
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the IM381 is a dual preamplifier specifically 
designed to meet tne roquiremcnbs of amplifying low level 
signals in low noise applications* 'local equivalent input 
noise is typically 0.5 . Oxher outstanding features 

include high, gam (112 db), large output volcage swing 
(V co -2V)pp, and wide power bandwidxh (750 KHz, 20 V ) and 
being internally cempensaced and short circuit protec cod. 

30 

lo achieve low-noise performance , special consi- 
deration must be taken m the design of the input scage. 
the input should be operated single ended, since both 
transistors contribute noiso in a differential stage de- 
grading input noise by the factor /2* thus for optimum 
noise performance one input transistor is turned off and 
feedback is broughc to the emicter of the first, the 
impedance of the feedback summing point is now two orders 
of magnitude lower than the base oi the second transistor 
(—10 Kft ). 'therefore, to preserve bias stability, the 
impedance of the feedback network must bo decreased, the 
feedback current is < lOOyA worst case. Taeroforc, for 
single ended input, resistors and R^ are 

R 5 = V BE /5I FB = 0,6/ (5x1 CT^) = 1200ft (max.) 

(27) 

R 4 = (^|- 1) R 5 (28) 

the design steps are as follows: 
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(a) Taking care of the res exaction imposed R^ has been 
taken to be 1 f -ohm. 


V 


R 4 = ( ^|- 1)R 


- < -n! - 1 )R s 


- 20 K-onm 

(b) i'll o mid band gam is set by resistor racios 
(R^+Rg)/Rg. Let it bo 1000, so case is a ppc o;amu only 
20 ohm. 

(c) Capacitor C 2 sets the low frequency 3 db corner where 
Xc 2 = Rg. Thus 

C = 

2lTf o R 6 

1 

2 " ( 800 ) ( 20 ) 


* 10 UP 


4,3.3 thaso locked oscillacor; 

Eiaoo locked loop NE565^ 2 , has been used to 
genera ce a 5 Rilz square wave of the same phase as chat of 
the difference frequency signal. The design formulas 
relaced bo ic are summarized below; 

Preo running frequency of \TOO, f Q - 1.2/4R^C^ Iz 

( 29 ) 

Lock range f^ = + S ^ 0 / V GO & z (50) 




HG. U CIRCUIT DtAGR&M FOR SYNCHRONOUS DETECTION 
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Capture range f c = + (— - ~~) 2 (31) 

whore, T = (3. 6) . ( 10^) ,C 2 

(here d-j is in ohm and ,C 2 arc m farads.) 

Using relations (29) to (31) the values of the 
components, required, have been decided as follows. 

C 1 « 0.047 »f 

C 2 - 1.0 |jf 

n 1 = 2 s. n 

A capacicor of 0,001 yf connected between pins 7 and 
8 suppresses oscillation in the concrol currcnc source of 
PLL. 

1'h.e small 01 low pass filter required to filter out 

the odd harmonics from che phase locked square wave output 

of VCO has already been discussed in See cion 4.2.1, Ine 

sinusoidal signal thus obtained is used a3 a reference 

frequency signal for synchronous dc bee cion for gobbing 

2 2 2 

voltages proportional to both I(dV/dl) and-I (d V/DI ), 
Moreover, it is also used as the modulating signal for 
getting the voltage proportional bo I(dT/dl). 

4.3.4 feteoior: 

If o^ = E^cos^^t and e 2 = E 2 cos(w^ fc+<f> ) bo che c >o 
voltages fod to bho input of the balanced demodulator, 
the output voltage g q is given by 



Addicion of a simple low pass filter will remove the ac 


terms and will provide dc voltage given by 
E S 

°o = \ ~~2 " Oo£ ' ^ 


(33) 


If the two inputs "be the same m phase and frequency, the 
ou tput is simply 


A-t t fb 

c o = (JT._1 )e 2 


(34) 


In our case the two mpuus to the "balanced demodu- 
lator are the reference signal and signal proportional to 
the desired derivative, the former buing of fixed amplitude 
and the latter is dependent on the slope of the device 
characteristics, Thus 

_ - (x being a constant) (35) 

e o dr 

31 

The N5596A is a double balanced modulator-demodu - 
la cor which produces an output volcage proportional to the 
product of an input (signal) voltage and a switch 3 ng 
(carrier) signal. It has adjustable gain and signal handling 
capability, fully balanced inputs and outputs, low offset and 
drift, wide frequency response upto 100 HKz and excellent 
carrier suppression (typically 60 db). 
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Tho upper quad differential amplifier as well as 
the lower differential amplifier are operated m a linear 
mode, 'the output signal will thus contain the sum and 
difference frequency terms. I'll e sum frequency berm is to 
"bo filtered out and since the phase difference of the 
two incoming signals as well as the reference frequency 
signal amplitude are maintained to he constant, bhe 
difference frequency term i.e, a dc voltage will vary in 
accordance with bhe variation of the difference frequency 
signal amplitude. 

In order to avoid bhe saturation of Ghe upper 
port tho signal amifLitudo must he less than 60 mV g , 
and honce it is obvious that the reference frequency signal 
should ho fed at the upper port since its amplitude is 
fixed and it is the difference frequency signal which 
should ho fed to the lower port because its linear 
variation Ls of interest. 

For linear operation, the derivative signal 
eg w Er>cos wt should follow: 


e 2 i I 6 % 


(volts peak) 


(36) 


and the voJ tags gain is given hy 


a (£ 0 r single ended output) 

2/2(«)(R E+ 2r e ) (3?) 


viiere, Ig « the bias current ( < 10 ibA) 
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R-g * gam adjust resistance 
R-g « load resistance 


and 


_ 26 mV 


Ig (mA ) 

The gain adjust rosisbance is given by 


(38) 


Rc=( L-.SUJE. - 500) ohm (39) 

3 I 6 

It io usually assumed that Xg = Xq = ^ , so that tho 

common modo quisccnt ouxpuo voltage is related as 

v e - V 15 “ T+ - I 6*I (40) 

She N5596A requires three dc bias voltage levels 
which must be set cxcernally, guidelines include maintain- 
ing a t least 2 volts collector base bias on all transistors 
while not exceeding the maximum voltages specified. 


The restrictions imposed may be summarized as: 

30 V*- 

<V v i 3 > 

- (t 9 , 

v io> -i 2 v ao 

30 ^dc >- 

io> 

- <V 

V i z.v ” ao 

30 V dc 1 

(V 1> V 5 } 

- <V 

i 2 -? V dc 


(41) 


The design steps arc given below: 

hot I bo 1.0 mA, so that r o - 20 q from expression 
(38). Sinco I 2 <2V, from restriction imposed by relation < 36) 



For a differential output connection, gam 


A y = 


R t V. , ‘ , 

_ Jj o ( ms ) 


2 ^(f ) (V 2r e> 


( 42 ) 


'ihus the maximum output volcage (peak) 


- I 6 R l - 1 .or l (KQ ) 

1.0 R T (Kfl ) 

r e (KO ) P eak 


(43) 


From relations (42) and (43) Rj, = 3.9 Kfl and ~ 2 Kfl 
is a good choice. 


(b) 




- 500 ) ohm 


/ 8 - 0.75 

( - 3 ‘ 

1 .0x10 J 


500 ) ohm 


= 6.8 IC-ohm 

(c ) Within the restriction by equations (41 ) the biasing 
resistors are calculated and shown in Figure 9. 

(d) Garner null is achieved by means of a bias mm 
potentiometer R^ shown. 

(e) A simple RC filter is connecced at both the output 
pms to filter out the second harmonic produced due bo 



150 * 



analog MULTIPLICATION 
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multi pLxoa lion and third and fifth harmonic duo u 0 over 
driving the upper differential amplifier. 

(f) A high input impedance opamp (IH0042) has been used 
to convert the balanced output into a single ended one. 

4 . 4 Analog. ip 

So L'or the system design to got dV/dl, d 2 V/dI 2 

and V "X haa been discussed. Our aim is go get l(dV/dI) 
P ci, ? 

ond-1* "(d^V/dl ). I'he first v/ill need only one analog 
mul tipli or while the latter the two. 

31 

ilihe 11014951 is a monolithic four quadrant multi- 
plier designed for uses where the output voltage is a 
linear product of two input volbagoo. It has excellent 
linearity ( ?J'/« max. error on X input, 4$ max. error on 
Y input), adjustable scale gam factor(Z) excellent 
tempera tu re stability and wide input voltage range 
(+10?) . It to qua to suitable for our purpose. 

S'ou co on o t MuLtipLior Error: 

the major source of error in the multiplier arises 
from voltage of/so bo and ohmic base resistances m bne 
four output transistors and base diodes. A second and 
usually small source of error can arise from large 
signal nonlinearity in the X ami Y input differential 
amplifiers. Caro must bo batten to avoid aging and 
temperature drift in the external - components used 
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with the mul Giplter , 'the last ore has been avoided by u s i n g 
precision components m the level translation cn-cuitry. i’o 
avoid introducing error from the second source, the emitter 
degeneration resistors It ana R have been chosen large 

y 

enough so that nonlinear base emitter voltage variation 
can be ignored. 

For small inputs, the differential out ju t voltage 
for a typical unadjusted multiplier may be written as. 
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where Kt/g. = 26 mV at 2 5 »C. !me scale lac-tor Z can he 
adjusted with a suitable choice of L, R , R and R 

j X y “ Jj* 

(a) Due to power dissipation limitation I H „ and I 

13 3 

are kept below 2.0 mA. Here they have been chosen 0.65 mi 
and 0.75 mA respectively, the restriction on input signal 
handling capability is given by 

V x(max) < C 13 R x 

V T R (46) 

V y (max) < I 3 1 V 

•Ihus Xor ? x(max) * Y y(max) = 10 y 

“V io Kft 

In order to insure that JR >> and R >> 

x ^. x i 3 7 q.i 5 

even with maximum input voltage, let R x = iy = 15 K ft. 

(b) I' or Z ~ 2/15, the value of is calculated to be 

% ■ I r 3 W 

« 2 C 10 "^ ) (15 x 10 3 )(15 x 10 3 ) 

« 1 1 . 25 K 0 


(o) From bne curve in the concerned data book 
(rel. 31), for an input swing of +1QV, voltage may 
have a minimum value of +12V. (This minimum is approxi- 
mately two forward diode drops above max and one diode 
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drops above V^ max )« With, a 1,5V safety margin, V^ 
becomes 13.5 V. 

Then the positive supply is given by 


V = V,, + {■ 


Z V. 


x (max ) y (max) i , T R 
2 1 ■ L 13 L 


(47) 


On substibu Lion, 


V + « 13,5 -f (2/15 ) (1/2) (10) (10) + (0,65x10""^) (11 ,25x!0"'j 


- 3 ' 


26V 


(d) Value of R-j ia given by 


R, 


= v .r„ 
“2T: 


(48) 


On substitution, 


R, „ „‘L 6 . .21-15*1 K-obm 

1 ( 2 ) ( 0 , 75 ) 


= 9.1 K-ohm 


(e) The negative voltage is solec Ged bo be -10V 
based on the fact that with the maximum positive input 
voltage applied, the maximum voluage between the input 
and bhc negative supply does nob exceed tne 30V breakdown 

limit . 

(f) Hie current I 13 and Jj have been set by means el 
dropping resistors Irom ground to pins 13 ana 3 respectively , 

whereas, 



(m) +5V 
(iv) +26 1 ? 
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Conventional approach witn rectification, filtera- 
bion, voltage regulation and provision of tracking for 
symmetric voltages has been employed. ‘Pie voltages ot’ier 
chan above arc obtained using Zener diodes. 
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CHAPTER 5 

AWAMffiAGEOUS ESfli'URJSo OP ‘ l‘HE S£8HM 

In Chapter 2, it has "been discussed Liat the "Dual- 
frequency technique" had a numb or of desirable features as 
compared go the other ones. It was developed hy iaoli and 
Svacok*^ and commc'rcial equipments were used hy thorn oo g-t 
various derivatives* It was felt thaG an instrument \ ould 
he even more useful if it can be made small, compact and 
less expensive hy dispensing wi th general purpose c anmcrcial 
equipment and building specific hardware to moot the specific 
function. Obviously the main advantages of the present system 
are low cost, small size, optimum performance, good resolution 
and the simplicity of operation. Those features have been 
discussed in the' following paragraphs. 

Low Cost ; 

Since for the "Dual-frequency technique" the prime 
neccssj ty is a frequency generator capable of providing a 
single fixed frequency (with stability better than 20 ppra/ i ) 
there is no need to use a variable frequency oscillator. 
Hence in the present system the oscillator is made by using 
a comparator yft.710, and a stable quartz: crystal. 

for frequency multiplication Iadx and Svacek used 
a c anmcrcial selective amplifier and obtained the nth 
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harmonic of the input frequency, i'he function of this 
equipment has been replaced by a PLL XR215, a counter 
SN7490, and logic gate SN7400, 

A voltage regulator chip yA723 with transistor 
2N3053 has provided a constant our rent source with an 
obvious substitution for an equipment with the same 
function, 

The special achievement of the structure is the 
replacement of a costly equipment named Lock-m amplifier. 

Bo doubt the litter has several good features like a very 
high gam of the order of 10^, a precision attenuator, a 
good selective amplifier with Q of the order of 25 , a 
variable range phase shifter etc. Since in the present 
method, the phase decoction is to be done at a single 
frequency, the meritorious features of it can be conven- 
iently obtained using modern TCs. Most of those merits 
have boon achieved though with loss precision but adequate 
for our purpose m the present system, a low noise pre~ 
amplifier II1381 has been used to provide a gain of 1000. A 
PLTj NE565 has been used 10 provide the reference frequency, 
signal with the same phase as that of the difference 
frequency signal. Here one outstanding feature is that the 
phase adjustment is automatic as compared to the manual one 
in Lock-in amplifier, 'i'he synchronous detection is achieved 
by using a balanced modulator chip N5596A. 
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lho lunc Lion of tho equipment TAR multiplier hog 
boon served by an IC MCI 495 L, an analog multiplier. 

Thus, one can very well compare the total cost of 
the present ay stein with that of the aura of the cost of tho 
expensive cquipnents used previously. A large reduction 
m the cost of the system developed may enable it to be 
used in Laboratories as a good tool for derivative noasure- 
men to. 

Small size; 

Tho hardware consists of only five I'. C. boards with 
a transformer, attenuators and multiturn potentiometers. 

Thus a compact small size is achieved. 

Optim um per formance 

Tho best possible active and passive components 

have boon used. The frequency stability of tho two 

modulating frequencies is of oho some order as that 

from a crystal itself. Tho active low pass filters used are 

otr ofi 

the 3 ow sensitive filters ’ . The distortion level oi the 

sinusoidal frequencies obtained after those filters is 
loss than 0.1#, For prcamplificati on a low noise amplifier 
IM381 , with total noise voltage less than 0.5yV rmg was 
used. Tho balanced modulator -damodula cor 115596A used for 
synchronous detection has fully balanced inputs and out ruts, 
low offset voltage and small drift with tempera bur o. The 
multipliers MC1495L have been adjusted for the least 
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possible offsets. Wherever preferred che 0,1$ end 1$ metal 
film r e sis tors, silver -raiOcyind polys tor capacitors v/oro 
used so as bo provide the optimum performance. 

Good re soluti on 

'i'ho modulating conobant ac currents are kept sufficiently 
small as compared to the bias current I o to provide butler 
rcsoJution. Using muLbiburn potentiometers, the bias current 
could bo varied with Lfio resolubion of bctcer than 0,01 uA. 

Sim plioi b y _ of. o per .at ion 

I'ho only external eoncrols icepu, are the attenuator 
controls and bho bias current controls, hence even a non- 
technical person can easily operate the system. 
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DEVICE CHAMClER IZAf IOH 


Dot us first of all consider p-n junction diodes. 

Ill e total current in the forward direction for tne voltages 
greater than a few tenth of a volt can be writ cen as 


X s e 


v/v, 


!E 


+ I 


V/2V, 


1 


Ro 


(49) 


wlioro I„ ~ diffusion current constant 
s 

and 1^ = generation-recombination current constant. 

Eor G-e p-n junctions the second tu?m is small except 
at very low temperatures and the ideal diode law is obeyed. 

Eor Si p-n junctions the constant I g is small compared to I^ 0 
except at high tempera lures in excess of 150°C and tne diode 
current increases as e ^ upto a voltage o± the order of 
half of a volt. As V is increased further the first term 
in equation (49) becomes larger compared co the second term 
and the current starts increasing as e V ^ Y51 . Ehis remains true 
only upto the time the current is not so large that the 
voltage drop across the bulk semiconductor and ohmic contacts 
i.o. the ohmic voltage drop, becomes comparable to the 
voltage dropped across the spaco-charge layer. In case, the 
ohmic voltage drop becomes large, the I-V relation gets 

modified to 

X - I s exp(^yj-) 


(50) 
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In most of the modern day diodes, the value of R is 
quite small (of the order of a few ohms) and che transition 
from the exponential to the linear region occurs at very 
large currents, At such large currents the limit of low 
level injection is exceeded and the injected minority 
concentration at least m one of the neutral region becomes 
comparable with the majority carrier concentration m that 
region. This has two implications, firstly, the excess 
injected carriers modulate the c oncfuctivity of the neutral 
regions so that the series resistance decreases with 
increasing current. Secondly, at large injection conditions 
the above low level mjoccion brentTfiont is not valid and 
nonlinear eff oc os set in, for these reason the potential 
drop across oho neutral regions at high currents is not 
related linearly to the diode current. Hence the linear 
relation between the diode current and the diode voltage 
is not observed m diodes even at large ourrents. In the 
intermediate current range via ore large injection conditions 
have not act in but there is a significant voltage drop 
across the dlodo series resistance, equation (50) can 
be used to determine the value of H. 

Pran tho above discussion it follows that the 
current vaUa^o «ln lion of a junction diode can be 

expressed by 

I *» X s t oxp^^M ] 





( sjiun Ajdj jic) jy} 


V 2- 


If) 

f * • 

d) 
l L 


point contact diode • s EM PCD^i 
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where, I g is determined "by the earner diffusion process 
and the or feet of generation recombination process, is taken 
into account - by incorporating the factor rj , 

I "7 Charac ter ! sties 

In Figure 14 } the I-V plots of a low devices have 
boon shown. For illustration, a Si diode (IHl), a G-c diode 
(base to emitter junction of AF115), a porno concact diode 
(S1SM XOJD), two LBDs (GaAsP) and a 50 ohm (5$, 5//) resistor 
have boon chosen. 

From the I-V curves, Cor Si and Gc diodes the mechanism 
of current transport is not apparent, light omitting diodes 
also shew the* I-V characteristics similar to tnosc of the 
ordinary Go or Si diodes, except that th<- cut-in voltage 
V m these cases is higher. Moreover, the threshold point 
of light emission cannot be decided on the basis of it. 


For lv, u l v o Cha rao t erisi i£.s 


Ilc t sirj^tor_: 

From the T-V curve, there appears perfect linearity 
of the re oi at or , although its second derivative is of a 
non-zcco value. the purpose of choosing a resistor here 
ia to show the sensitivity of the system to even a small 
nonlinearity. From the soc end derivative re is clear that 
the I-V relation for the resistor used is 


I - + a 2 V 2 

where &1 « 1/50 and a 2 , though very small 
effective in exhibiting the nonlinearity , 


is clearly 




current { m A ) > 

vs I characteristics of a Si (IHj) and 
(:S“E_. mskiion: of A F 1 1 5 ) di ode . 
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Poin t Conta ct Dj pdp (PC 


i’he -I versus I characteristic of diode SEM PCD 

&I 


has houn shown in Figure 15. The value of t) is greater than unity 
in the beginning as well as at higher currents. The value of rj 
is approximately unity in region between 10 to 16 mA. 


Si and Go diodo s 

According to equation (10), the I versus X curves 
represent the series resistance R by the slopes to x axis, and 
tho r) by the intercepts on the y axis. 


From Figure 16, tho series resistance R of tho Si 
diode Hills apiroximaloly 3.8 ohm. For base to emiucor 
junction of the Ge transistor (AF115) the value of the aeries 
resistance is found out to be 5.3 ohm, 'the intercepts to 
y axis are approximately the same for tho two curves and 
correspond to r) « 1 , 

111 Figure 17, tho three regions; where, ( 1 ) t) varies 
Irom 2 bo 1 (ii) t} « 1 and (iii)r)> 1 due to series 
resistance arc clearly visible for Si, whereas the absence 
of tho first region confirms that tho diffusion current in Ge 
is always sufficiently greater as compared to tho generation 
roc ombina 1 1 on curr ont . 


From the slope of the curves for Green and Rod LEDs 
as shown in Figure 18, the series rosis uanccs are found out 
bo bo 9 ohm and 5.3 ohm respectively. 
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Particularly strong indications of the light a-nsaion 
process is contained m the second dorivacivo response, which 
is due to the saturation of the ;)unc eion voltage at the onset 
of light emission. Por green and red LEDs xho currents at 
the threshold points arc 1,5 mA and 1 mA res pec civcly , wmch 
have the same values as shown by the first derivatives, Ihc 
corresponding voltages au these points are 1.83 volxs and 
1,6 v ol t s res pee t Lvoly , 
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APPENDIX 1 


EFF ECT O P rARAMEl'M YARI 'jmotiS ON T HE DERI VAX IVES* 


The assumptions of , R and I as independent 

H S 

of current may some tun os be unDU sillied, If 1/ 3 = n kX/q 
depends on. current through die parameter p , the first 
order coruec cion to tho derived value of n is, 

An (x) « i~«( V-Iii) ~~ (a.1) 


This correction can be largo for quite reasonable I-V 
cbaraclorj sties. Equivalently one finds instead of previous 
equation (10) used in Chapter 3: 


ax 

dl 


n V„ 


v 

n 


4n 

dl 


+ IA(1 - - 


i an 


n di 


) 


(A. 2) 


Thus, both of tho derived parameter? n V l£ and R s are 
sensitive to tho assumption of 1/ @ , independent of current. 
Analogous comments apply in the second derivative 


case where one may have 
r ifi 


! 2 <l 2 | » -n Vyjd - — ff) * (V - XR ) -Jp M 

Dl* x ti UL dl 

(A. 3) 


Similarly, trie equations when A = R(X) and I 0 X S (T) 


can bo easily derived. 






-A “»*« ** **'*' *** 


ft 


A.W. Dixon - Derive oi ve ^asuromont of light ^ur rent 
Vol taf o Charao tori sties of (Al,Ga)As Double Jeter o 
fllrao wi’o tooerai Mie Bell Sysom !i!e clinical Journal, 

Vol. 55, p. 973, (1976). 
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APPENDIX 2 


HIGHER ORDER 


DER 


trU 


TAX' i ’/‘ES 


t! * 


Although Lho dual frequency tecnmque had been 
used for second order derivative, the same approach is 
apolicable to mcasuromen oo of the der Lva Gives with order 
lughor than two* A third derivative is sensed by a component 
at bho * difference 1 frequency f = Por this 

ease, the appropriate select] on of frequencies is determined 
by requiring f to bo the lowest frequency in the device 
response and the next lowest frequency (f^-f ), to be n 
times an largo as I, All other frequencies generated by 
berms of order 3 or lower are genera ced than nf itself, xhe 
ap ropriato modulation frequencies for the third derivative 
measurement are f^ = (2n nl)f and fg - ( n + l)f> i'* 10 

factor ii is determined by the. ability of tie available 
clou tronj os to eliminate feedthrough of the strong signals 
at 1^ , Cg and 

Similarly, a fourth derivative is sensed at the 
difference frequency f = fg-(f^-2fg) and, f^-2fg is taken 
to bo n. times f. fho appropriate modulation frequencies 


- Derivative Measurement 


** -f,L. Paoli and Joseph P. Svaoek , TnoNlfflWlh 

Reviewof Scientific Instruments, 


by Prcquonoy Mixing; 
Vol.47, P. 1016, (1976). 
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I or detection of a fourth derivative are uhon n +2)r 

and J’ 2 = ( n i- I )f. 

Xhio rejection procoin cm ho p,onorali tsed 
to the mth derivative with the reoull that 

« i (m~l ) n+ (m-2) }f 

and f 0 “ ( n * 1 )f 

( 

l«Jv on lu.i t l,y , the factor n v/j J 1 heoo-in prohihi tivo’Jy 
lar^o. 
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APPENDIX 3 

IM PORTANCE OF THE GAI N op THE BUFFER IN DE CIDING THE P ER- 
FORMANCE OP A DOW PA 3 3 El ITER 


For a lov/ pass filter shown in Figure 9, let the 
gain of the two buffers be the same and equal to K. 


Then if v Q be the output voltage; bhe voltage v' 
after the lirst bufier and v che input signal volcage are 
given "by 

v 

v« = + (1 + SC g R 2 ) (A. 4) 

v i = v o + (f* " v o )(1 * 3C 1 V (Al5) 

On subs ci tubing v 1 from equations (A, 4) to (A.5), one may 
get 

v i * v o + { "! (1 * >3 C 2 R 2^ v o } + s °iV 

K 

- v E *“ 0 + S 2 CjCpRjR^ + S + (“^> -1 )GR^ }] 

0 K 2 1C 1 A 1 3 IT 1C 1 

(A. 6) 

From the above equation, ihe transfer function is 1?o bo 
obtained as 


H(s) - v /v i - ~ CllX"' ' gIr *T ‘ 1 

g 2 J_|jn +3 { _2J 


K 


IC K 


kvc 1 c 2 r 1 r 2 


+ (’1" R ) , ^'Q J + c C 

C 1 R 1 b 2 R 2 1 2 -V l 2 


(A. 7) 
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Comparing the above equation with that of the 
standard form of a second order low pass filler, we got 


A 

f (the centee frequency) = — - — -j-— (A. 8) 

2 tv ( (J 1 G 2 Tl 1 R 2 )3 

“ =<5 (CgEj/C^p* + (1-K 2 ) (U^/Cglt,)* (A.9) 

U (th^ low frequency gam) 

= £ 2 (A. 10) 

and H = K 2 / a (A.ll) 

x x o 

LetjtCgR^/O^R^ ) = x, so that a may he ^rewritten as 
a = x + (I JlJ L ) 

« Wx - / <1-K 2 )/V3C> 2 + 2/(1-IC 2 ) (A. 12) 


One can very well guess that ct will he minimum when the 
first berm is equal bo zero, chon 

% U1 = 2/ 0-^) (A.1J) 

and x= (CgRg/C^) = /(1-K 2 ) (A.U) 

Prom equation (A. 13), ic is evident chat che minimum 
a is dependent only on the gain of ihe buffer 1 K* . Most 
of the authors (name of a few were given in Chapter 4) 
neglected this factor completely and concluded their work 
with maximum Q ~ 1/a achievable with their circuits. But 



p >7 


as is clear from equation (a, 9), the higher the value 

of the Q decided, ill e smaller will bv its value prac tic oily 

achievable. 

The similar derives. cions can bo obtained for any 
ot/her circuit usin,q a buffer as its active element. 
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APPENDIX 4 


C A PROGRAMME FOR DOTEfMINTUG THE REQUIRED DERIVATIVES 
DIMEN3I ON V ( 20 ) . I ( 20 ) , DERIV 1(20), DER3 V2 ( ?0 ) , El A ( 20 ) , 

1R( 20), DEVICE (20) ,XDEV(20) 

REAL I,IS,IDEV 
10 CONTINUE 

READ 1 , ( DEVICE (il ) , IC- 1 , 20 ) 

PRINT 100 

PRINT 1 , ( DEV ICE(K ) ,2=1 , 20 ) 

PRINT 100 
READ 2, IS, VI' 

PRINT 3, IS, VP 
PRINT 4 
READ 5 ,NP 

READ 6, (l(ll),K=1 ,N± J ) 

READ 6, (V(X),K=1 ,UP) 

C ALL DERIVE (V,I, DERI VI ,NP) 

CALL DERIVE (DSRIV1 , 1 , UERIV2 , NP) 

DO 20 K=1,NP 

EDA (K)= -DERIV2 (2 )* ( ( I (xl ) +1 S ) ** 2 )/ VI 
R (K )= (DERI VI (II ) - ( El' A (K )*VT )/ (l(K)+I$) )*100, 

IDEV ( II ) ~I ( J.I ) *DERI V 1 ( X) s / . . 

PRINT 7,K,V(II) ,1 (K) , DERI VI (It) ,DERIV2(X) ,EIA(ll) ,R(ll) ,IDEV(Il) 
20 c out liras 
GO TO 10 

1 FORMAT <20A4) 

2 FORMAT (2F8, 4) 

3 FORMAT ( 1 0X, *1 S= *,F8.4,5X,*VI= *,F8,4) 

4 FORMAT ( 1 0X, *11* , 1 OX, *V* , 1 0X, *1* , 1 0X, *DV* , 1 0X, *D2V* , 1 OX, 

l*ETA* , 1 0X,*R* , 1 0X, *DV*/ 43X, *—* , 1 0X,* — 33X, *1—* , 

2/43X,*DI*.10X,*DI2*,34X,*DI*,/) 

5 FORMAT (12) 

6 FORMAT (10FS. 4) 

7 FORMAT ( 9X, 12 , 2 ( 7X, P5 . 2 ) , 3 ( 4X, E9 . 2 ) ) 

100 FORMAT (/IX, 1 00(lH*)/ ) 

END 


SUBROUTINE DERIV (X , X , YP , UP ) 

DIMENSION X(20) ,X(20),YP(20) 

H1=X(2)-X(1 ) 

YP(l)=(Y(2)-Y(l))/H1 
NPP=NP-1 
DO 10 J=2,UPP 
H1=X(J )-X(J -1 ) 

H2=X(J+1 )~X(J) 

A=Y ( J-1 )/ (H1*H1 2 ) -Y ( J )/ (HI *H2 )+Y J+1 )/ (H2*H1 2) 

B=~ (Y(J-1 )*(X(J)+X(J+1 ))/(H1*H12)-Y(J)*(X(J-1 )+X(J+1 ))/ 
1 (HI *H2 )+Y( J+1 )*(X( J-1 )+X( J ) )/ (H2*H1 2 ) ) 

10 CONTINUE v , 

UP(NP)=(Y(UP)-Y(UPP))/H2 

RE1URU 

END 
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